Abstract: To transfer multiple desirable alien genes into common wheat, we previously reported a new trigeneric hybrid synthesized by crossing a wheat-Thinopyrum intermedium partial amphiploid with wheat-Psathyrostachys huashanica amphiploid. Here, the meiotic behavior, chromosome constitution, and stripe rust resistance of F 5 derivatives from the wheat-Th. intermedium-P. huashanica trigeneric hybrid were studied. Cytological analysis indicated the This paper reports a highly efficient technical method for inducing alien translocation between wheat and Th. intermedium by trigeneric hybridization. These lines might be potentially valuable germplasm resources for further wheat improvement.
Introduction
Wheat (Triticum aestivum L., 2n = 6x = 42, AABBDD), one of the most important cereal crops worldwide, has been intensively bred over the past decades. However, the genetic variability of cultivated wheat has been dramatically decreased by domestication, modern cultivation, and thousands of years of selection, resulting in vulnerability to biotic and abiotic stresses Dubcovsky and Dvorak 2007) . The ongoing improvement of wheat cultivars is dependent on a continuous supply of genetic variation. Wild relatives of wheat, representing a large reservoir of superior genes, have therefore become an important genetic resource, and it is becoming increasingly urgent to widen the genetic diversity of wheat by alien introgression (Mujeeb-Kazi et al. 2013) . A typical and important step in alien gene transfer is the generation of wheat-alien trigeneric hybrids (Jiang et al. 1994; Ji et al. 2012; Kang et al. 2012a, b) . To date, many trigeneric hybrids containing desirable genes, involving the genera Triticum, Secale, Aegilops, Hordeum, Agropyron, Thinopyrum, Leymus, Dasypyrum, Lophopyrum, and Psathyrostachys, have been produced by crossing intergeneric hybrids or amphiploids with other species, or by crossing different amphiploids (Gupta and Fedak 1986; Orellana et al. 1989; Cabrera and Martin 1992; Li and Dong 1993; Kosina and Heslop-Harrison 1996; Mujeeb-Kazi 1996; Li et al. 2006; Ji et al. 2012; Kang et al. 2012a, b) .
Species in the genus Thinopyrum Dewey (also placed in genera including Agropyron, Elytrigia, and Lophopyrum) have been described as potential sources of resistance to biotic stress (diseases and insects) and tolerance to abiotic stress (Friebe et al. 1992; King et al. 1997) . Since 1930, breeders have exploited different Thinopyrum species to transfer these resistance genes into common wheat (Friebe et al. 1992; Fedak and Han 2005; Patokar et al. 2015) . Hexaploid wheatgrass, Thinopyrum intermedium Zeng et al. 2013; Bao et al. 2014) , alien addition lines (Schulz-Schaeffer and Haller 1988; Larkin et al. 1995; Garg et al. 2014) , substitution lines (Fu et al. 2012; Li et al. 2015) and translocation lines (Liu et al. 2011; Tang et al. 2014; Zhan et al. 2015; Li et al. 2016) .
Psathyrostachys huashanica Keng (2n = 2x = 14, NsNs) is a distant wild relative of common wheat native to the Huashan Mountains, Shaanxi Province, China. It possesses many desirable traits, such as early maturity, tolerance to drought and salt, and resistance to wheat stripe rust, leaf rust, powdery mildew, and take-all fungus (Kang et al. 2009 ). Previously, to transfer desirable traits from Th. intermedium and P. huashanica into wheat, trigeneric germplasms consisting of genomic material from Triticum, Thinopyrum and Psathyrostachys were successfully produced by hybridizing a wheat-P.
huashanica amphiploid (PHW-SA, 2n = 8x = 56, AABBDDNsNs) with a wheat-Th. intermedium partial amphiploid (Zhong 3, 2n = 8x = 56) (Kang et al. 2012a ). The objectives of this work were to develop F 5 derivatives from the wheat-Th. intermedium-P. huashanica trigeneric hybrid, and characterize their meiotic behavior, chromosomal constitution and stripe rust resistance.
Materials and methods

Plant materials
A wheat-Th. intermedium partial amphiploid, Zhong 3 (2n = 8x = 56), was originally developed by Sun (1981) and karyotyped by Han et al. (2004) . Seeds of Zhong 3 were kindly provided by Dr. Z. J.
Chang, Shanxi Academy of Agricultural Sciences, China. The intergeneric amphiploid of wheat cultivar "J-11" and P. huashanica (PHW-SA, 2n = 8x = 56, AABBDDNsNs) was originally produced in our laboratory (Kang et al. 2009 ). It is resistant to stripe rust and powdery mildew diseases, and has many interesting yield characteristics, including higher fertility, longer spikes, and more spikelets per spike (Kang et al. 2009 ). PHW-SA and Zhong 3 were crossed in 2008 (Kang et al. 2012a , and the seeds selected from the F 1 plants were bulked and advanced to the F 5 generation by single seed descent.
Twenty-seven derivative lines were isolated from the F 5 generation. Wheat line SY95-71 was used as a susceptible check during stripe rust resistance tests. For genomic in situ hybridization (GISH) analysis, the wheat cultivar "J-11" (2n = 6x = 42, AABBDD) was used as blocking DNA, while the probe consisted of the entire genomic DNA of Th. intermedium and P. huashanica.
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Meiosis analysis
Analyses of meiotic pairing were completed as described by Kang et al. (2009) . Stages of meiotic division were determined in acetocarmine squashes of one of three anthers per flower. If appropriate stages were present, the remaining two anthers were fixed in Carnoy's fixative (ethanol: chloroform: glacial acetic acid, 6: 3: 1, v/v/v) and kept in a refrigerator for 24 h, and then stored at 4°C in 70% alcohol until used. Slides of pollen mother cells (PMCs) were made in 1% iron acetocarmine. At least 50 PMCs were observed for each plant. Images were captured with an Olympus BX-51 (Olympus Corporation, Tokyo, Japan) fluorescence microscope coupled to a Photometric SenSys Olympus DP70 CCD camera.
GISH analysis
Total genomic DNA of Th. intermedium and P. huashanica was isolated using the CTAB method (Allen et al. 2006) . Th. intermedium and P. huashanica genomic DNA samples were labeled with digoxigenin-11-dUTP using the nick translation mix (Roche, Mannheim, Germany) and used as probes.
Root tips from the 27 F 5 derivatives germinating seeds were pretreated in ice-cold water for 24-28 h, fixed in ethanol: acetic acid (3:1 v/v) for 24 h at room temperature and then stored in refrigerator. Each root tip was squashed in a drop of 45 % acetic acid. After freezing with liquid nitrogen, the squashed slides were uncovered, air-dried, and stored at -20 o C until used. The labeling of probes and in situ hybridizations were conducted using a slightly modified version of the method described by Han et al. (2004) . The hybridization solution, containing 2× SSC, 10% dextran sulfate, 0.2% sodium dodecyl sulphate, and 1 ng/µL labeled denatured DNA probe together with the competitor DNA, was loaded onto the slide (30 µL final volume), which was then incubated at 37 o C for 12 h. The chromosomes were counterstained with propidium iodide solution (Vector Laboratories, Inc., Burlingame, USA). The in situ hybridization images were obtained using an Olympus BX-51 fluorescence microscope coupled to a Photometric SenSys Olympus DP70 CCD camera.
Stripe rust resistance screening
Twenty-seven 
Results
Meiotic pairing analysis of F 5 progenies of the trigeneric hybrid
The chromosomal behaviors at meiosis of F 5 derivatives from the PHW-SA/Zhong 3 trigeneric hybrid were observed. Twenty-seven lines were selected randomly; the chromosome pairing frequency data are presented in Table (Table 1 ). The average univalent frequency ranged from 0 to 0.14. Only one line, K13-680-7, contained a tetravalent. Four lines showed complete chromosome pairing at MI (Fig. 1A) , indicating that these lines were cytologically stable.
Two lines with 2n = 43 had an average meiotic configuration of 1.28 I + 18.31 II (ring) + 2.55 II (rod) per PMC (Fig. 1B) . The mean pairing configuration of five lines with 2n = 44 was 1.12 univalents, 19.71 ring bivalents, 1.69 rod bivalents and 0.02 tetravalents (Fig. 1C) . Similarly, the PMCs of lines with 2n = 46 showed abnormal meiotic behavior, possessing approximately two univalents, with chromosome pairing configurations of 1.92 I + 19.47 II (ring) + 2.36 II (rod) + 0.14 III (Fig. 1D) . Two lines containing 48 chromosomes had very high frequencies of univalents (2.48-4.52), trivalents (0-0.12) and tetravalents (0-0.23) per cell (Fig. 1E ). On average, 2.29 univalents, 0.09 trivalents, and 0.02
tetravalents were observed in five lines with 2n = 50 (Fig. 1F ). In addition, lagging chromosomes, chromosome bridges, and micronuclei were observed at anaphase I and telophase I in most of the analyzed cells of these lines (Fig. 1G-I ).
GISH analysis of F 5 progenies of the trigeneric hybrid
GISH was carried out to determine the chromosomal constitution of the 27 F 5 lines. Labeled P.
huashanica genomic DNA was used as a probe and J-11 total genomic DNA as the blocking DNA. No P. huashanica chromosomes (segments) were detected in any of the lines. When Th. intermedium genomic DNA was used as the probe, we observed 1-7 Th. intermedium chromosomes in 25 lines ( Fig intermedium chromosomal translocations, including whole-arm translocations ( Fig. 2A) , whole-arm and small fragmental translocations (Fig. 2B ), large fragmental translocations (Fig. 2E, F ), large and small fragmental translocations (Fig. 2G) , two-point terminal translocations (Fig. 2H, I ), and small fragmental translocations (Fig. 2J) . Two homozygous lines, K13-668-10 and K13-682-12, possessing a pair of wheat-Th. intermedium small terminal fragmental translocation chromosomes were identified (Fig. 2J) . Some lagging chromosomes with Th. intermedium fragments were detected at early anaphase I, and then underwent an equational division (Fig. 2K) . Portions of these chromosomes were unable to reach the poles and were eventually merged into other chromosome groups and then formed the micronuclei at telophase I (Fig. 2L ).
Stripe rust resistance evaluation
Twenty-seven derivative lines, PHW-SA, Zhong 3, and SY95-71 were evaluated for stripe rust resistance using a mixture of Pst races CYR-32, CYR-33, V26/Gui22-9, V26/Gui22-14, Su4, and Su5
at Chengdu, Sichuan, China. At the seedling and adult plant stages, Zhong 3, SY95-71, and six derivative lines were susceptible to these races, showing IT scores of 4, 4, and 3, respectively. In contrast, PHW-SA and 21 derivative lines were highly resistant to the races, all showing IT scores of 0 (Fig. 3 ).
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Discussion
Developing wheat-alien species translocation lines is an effective approach for introducing alien chromosome segments or superior genes from wild relatives into wheat (Qi et al. 2007 ). Strategies for producing wheat-alien translocations include the use of the Ph mutation, chromosome misdivision and centric break-fusion, tissue culture, Aegilops gametocidal chromosomes, irradiation, and somatic cell hybridization (Masoudi-Nejad et al. 2002; Wang et al. 2004; Qi et al. 2007 ). However, previous reports have indicated that the translocation frequency is generally low (Jiang et al. 1994) . For example, the frequency of translocation induced by Ph gene mutants or tissue culture is usually less than 1%, while that induced by gametocidal chromosomes or irradiation is generally no more than 10% (Friebe et al. 2000; Song et al. 2013) . Therefore, developing a more efficient method to induce wheat-alien translocations is highly desirable to speed up the gene exchanges between cultivated wheat and its related species. Recently, when wheat-alien amphiploids, addition lines or translocation lines were irradiated with 60Co-γ rays at the flowering stage, a high frequency (37.83-62.5%) of alien chromosome translocations with different structural types were produced in the M 1 and M 2 generations (Chen et al. 2013; Song et al. 2013) . Hao et al. (2013) also showed that high frequencies of wheat-rye translocation chromosomes were produced from a cross between synthetic hexaploid wheat with unreduced gametes and rye. In this study, we identified 21 lines containing wheat-Th. intermedium translocation chromosomes in the selfed derivatives from a wheat-Th. intermedium-P. huashanica trigeneric hybrid, and the frequency of alien translocation was 77.8%, much higher than in previous reports. Moreover, various translocation types were identified, including whole-arm, whole-arm and small fragmental, large fragmental, large and small fragmental, two-point terminal, and small terminal fragmental translocations.
The high frequency of translocations produced in this study might be a result of multiple chromosome recombination between homoeologous pairs in the wheat-Th. intermedium-P. huashanica trigeneric hybrids (Jiang and Gill 1993; Fu et al. 2012) or centric breakage-fusion when some chromosomes exist as univalents (Lukaszewski 1993). Centric misdivision followed by the fusion of broken centromeres often results in Robertsonian translocations (Robertson 1916) . Recombination between homoeologous chromosomes is generally confined to the distal regions of chromosome arms (Lukaszewski 1995) . The advantage of homoeologous recombination is that the alien segment replaces a homoeologous wheat chromosome segment, thereby producing genetically compensating D r a f t 9 translocations. Further work involving the observation of different meiotic stages using FISH and GISH will elucidate the production mechanism of mass intergeneric translocation.
Th. intermedium possesses genes enabling it to survive high levels of salinity, drought and low temperature, as well as genes for resistance against various fungal and viral diseases (Hohmann et al. 1996; Li and Wang 2009) . Translocations between wheat and Th. intermedium have provided the starting point for a number of attempts to transfer some of these genes into wheat (Li and Wang 2009).
Numerous chromosomal translocation lines have been obtained and widely used for the improvement of wheat (Liu et al. 2011; Tang et al. 2014; Zhan et al. 2015) . We previously reported that the wheat-Th.
intermedium-P. huashanica trigeneric F 1 hybrid had seven P. huashanica chromosomes and seven Th. These meiotic configurations indicated that the two novel translocation lines had basic cytological stability with a vigorous growth habit and high fertility. Therefore, the present study suggests that new wheat-Th. intermedium translocation lines can be produced by the wheat-Th. intermedium-P.
huashanica trigeneric hybrid method.
Furthermore, most of the derivative lines are highly resistant to prevalent Chinese Pst races, including V26/Gui 22. Of their parents, PHW-SA is resistant to all tested races, while Zhong3 is susceptible. We previously concluded that the resistance of PHW-SA was likely derived from P.
huashanica (Kang et al. 2009 
